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We have identified the RNA-binding protein Hermes in a screen for vegetally localized RNAs in Xenopus oocytes. The RNA localizes to
the vegetal cortex through both the message transport organizer (METRO) and late pathways. Hermes mRNA and protein are both detected at
the vegetal cortex of the oocyte; however, the protein is degraded within a several hour period during oocyte maturation. Injection of
antisense morpholino oligonucleotides (HE-MO) against Hermes caused a precocious reduction in Hermes protein present during maturation
and resulted in a phenotype characterized by cleavage defects in vegetal blastomeres. The phenotype can be partially rescued by injecting
Hermes mRNA. These results demonstrate that the localized RNA-binding protein Hermes functions during oocyte maturation to regulate the
cleavage of specific vegetally derived cell lineages. Hermes most likely performs its function by regulating the translation or processing of
one or more target RNAs. This is an important mechanism by which the embryo can generate unique cell lineages. The regulation of region-
specific cell division is a novel function for a localized mRNA.
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The cleavage stage Xenopus embryo has an inherent
animal/vegetal polarity that is produced during oogenesis.
This polarity, often called the primary polarity of the
oocyte, is the first asymmetry that is established during
development and is elaborated upon by subsequent devel-
opmental events to form the germ layers of the organism.
Although, before MBT, cleavage in Xenopus is generally
thought to be synchronous, in fact, there are differences in
cleavage along the animal/vegetal axis of the embryo.
First, cell divisions in the early Xenopus embryo are
unequal and result in the production of blastomeres of
different sizes, with blastomeres in vegetal positions being
larger than blastomeres in animal positions. Second, veg-
etal blastomeres have been reported to divide asynchro-
nously prior to animal blastomeres based on studies in0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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embryo was determined at 3–10-min intervals (Masui and
Wang, 1998). Third, after the fifth cell cycle, time lapse
cinematography has revealed that rather than occurring
synchronously, cell division is metasynchronous beginning
first in a small group of animal blastomeres and proceed-
ing across the embryo toward the vegetal pole (Boteren-
brood et al., 1983; Satoh, 1977). Fourth, presumptive
primordial germ cells, derived from the vegetal most tip
of the oocyte divide asymmetrically from the third division
until gastrulation, resulting in the unequal partitioning of
germ plasm into only one of the two daughter cells
(Whitington and Dixon, 1975). Taken together, these
observations suggest that there are likely to be molecular
differences between animal and vegetal hemisphere blas-
tomeres that in the divergence in their behavior during
cleavage.
One possible origin of this molecular difference lies in
the RNAs that are localized to the cortex of the vegetal
hemisphere of the oocyte (for recent reviews see Bashirullah
et al., 1998; King et al., 1999; Kloc et al., 2002b; Palacios
and St. Johnston, 2001). This region will give rise during
embryogenesis to endoderm tissues and is the source of the
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region contains germ plasm determinants and gives rise to
the germ cell lineage.
Functions of vegetally localized RNAs in Xenopus have
been identified using overexpression or antisense knock-
down techniques. Several of these RNAs are involved in
mesoderm or endoderm formation, including Vg1 (Joseph
and Melton, 1998; Kessler and Melton, 1995), the Xenopus
homolog of Bicaudal-C (Wessely and De Robertis, 2000),
and the T box family member VegT (Xanthos et al., 2001;
Zhang et al., 1998). Other vegetally localized RNAs are
thought to have functions specific to germ cells due to their
association with germ plasm, which is thought to contain
germ cell determinants (Kloc et al., 2002a). These mRNAs
include Xcat2, Xpat, and Xdazl (Houston et al., 1998;
Hudson and Woodland, 1998; Zhou and King, 1996).
Functional analyses have not been carried out for Xcat2 or
Xpat; however, antisense experiments have been conducted
for Xdazl and have revealed that this mRNA is important for
germ cell movement (Houston and King, 2000).
Another function that has been ascribed to localized
mRNA is anchoring other mRNAs to the vegetal cortex
of the oocyte. Depletion of either the Xlsirt of VegT
mRNAs results in the release of the Vg1 mRNA from the
vegetal cortex (Heasman et al., 2001; Kloc and Etkin,
1994), and depletion of VegT causes the dispersion of
Bicaudal-C and Xwnt11 mRNAs as well (Heasman et al.,
2001). For both Xlsirts and VegT, this anchoring function
is thought to be mediated by the RNA, not protein.
Therefore, localized mRNAs may have dual functions,
one mediated by the encoded protein and one mediated by
the RNA itself.
With the aim of identifying new localized RNAs and
determining their significance for development, we have
screened a cDNA library for the presence of RNAs that are
vegetally localized in the Xenopus oocyte. In this screen, we
have discovered the RNA-binding protein Hermes, origi-
nally identified as an mRNA expressed in the developing
heart, kidney, eye, and epiphysis of the Xenopus embryo
(Gerber et al., 1999, 2002). We have shown that Hermes
mRNA is vegetally localized in the oocyte and that its
protein colocalizes with the mRNA in the mitochondrial
cloud and at the vegetal cortex. While Hermes protein is
present in the oocyte, it is undetectable in mature eggs or
early embryos. To determine the function of Hermes, we
used antisense morpholino oligonucleotides against Hermes
mRNA and the host transfer technique. We demonstrate that
the localized Hermes gene product plays a critical role in
the cleavage of a specific group of vegetal blastomeres
within the embryo. This is an important mechanism by
which the embryo can generate unique cell lineages. We
have also shown that the phenotype is the result of a
precocious loss of Hermes protein during oocyte matura-
tion. We propose a model in which the RNA-binding
protein Hermes regulates the translation or processing of
one or more target mRNAs and through this interactionregulates cleavage of a specific cell lineage within the
vegetal hemisphere.Materials and methods
Library screening
Generation of the mitochondrial cloud cDNA library was
described by Chan et al. (1999). The probe was prepared by
the random prime method (Sambrook et al., 1989) from a
restriction fragment of Xlsirt clone P11 that contained the
repetitive region, which has previously been shown to
function as a localization element (Kloc et al., 1993). The
fragment was radiolabeled with 32P-dCTP (Amersham).
Library screening was conducted according to the procedure
supplied with the library.
Rapid amplification of cDNA ends (RACE)
Stages I–III oocyte RNA was isolated (Sambrook et al.,
1989) and poly(A) + RNA was purified using the Dyna-
beads kit (Dynal). 5V RACE was performed using the
Marathon cDNA Amplification kit (Clonetech) according
to the manufacturer’s instructions. The Hermes specific
primer, sequence GGTCTGTGGGTTCTCTGGGTCAAA,
was complementary to sequence in the coding region of
the gene. At least eight different subclones were sequenced.
Two alternative 5V ends were identified. The full-length
constructs were generated for each by 3V RACE using
primers complementary to the 5V ends. PCR products were
subcloned into pBluescript KS (Promega). These plasmids
were named 3-11brcl3 for transcript a and 3-11XS1 for
transcript b. Constructs were sequenced at the MD Ander-
son Sequencing Core.
In situ hybridization
Ovary tissue was surgically removed from albino
Xenopus laevis (Nasco or Xenopus Express) and rinsed
in OR2. Oocytes were enzymatically defolliculated by
incubating in 1 mg/ml collagenase in OR2 for 1 h, then
stored in 100% methanol at 20jC. To eliminate the
localization element from the probe, a 750-bp HindIII
restriction fragment was subcloned into pBluescript KS.
This fragment consists of part of the coding region and
part of the 3V UTR, and eliminates the regions with
similarity to the Xlsirt repetitive element. Digoxigenin-
labeled RNA probes were then constructed by in vitro
transcription and used for in situ hybridization as de-
scribed (Kloc and Etkin, 1999). For transcript specific
probes, unique regions of the 5V UTR were amplified by
PCR using primers ACCATACAATACACCCACACAG
and GGTGGCGGTGGTGTATGG for 3-11brcl3 and
CGCTCGGTGTTTCTCTGGTG and AAGCACTGGCA-
CATTCACACCT for 3-11XS1. The PCR fragments were
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KS (Promega) and sequenced.
Antibody preparation and characterization
A region of the Hermes protein sequence was identified
using the design services of Sigma-Genosys as a suitable
candidate for peptide antibody production. The selected
peptide had the sequence AHFIARDPYDLTGAA. The
antibody was raised in rabbits (Sigma-Genosys, Houston,
TX) and the antiserum was evaluated for the ability to
recognize a myc-tagged Hermes fusion protein.
Because background bands were present, the antibody
was affinity purified against the peptide coupled to BSA.
For coupling, the Hermes peptide was conjugated to BSA
by incubation of 1 ml of a 5 mg/ml peptide solution in
PBS with 50 Al of 1 mM BSA and 1.05 ml of 0.2%
glutaraldehyde for 1 h. Glycine was added at 200 mM and
the mixture was dialyzed overnight in PBS with four
buffer changes. The conjugated peptide was then bound
to a nitrocellulose membrane and dried. For purification,
the membrane was incubated with antiserum overnight in a
cold room and rinsed. The bound antibody was eluted
from the membrane by incubating in elution buffer of 0.2
M glycine, 1 mM EGTA, pH 2.8, and neutralized by the
addition of a small amount of 1 M Tris base (Sigma). The
protein concentration in the purified antibody preparation
was calculated to be 400 ng/Al by the Bio-Rad protein
assay according to the supplier’s instructions. To charac-
terize the antibody, we used a myc-Hermes fusion con-
struct prepared by subcloning a PCR-generated fragment
containing the Hermes coding region in frame into plasmid
pCS2 + MT cut with Xba1 and Xho1 just after the myc
tags. RNA for injection was transcribed using the mMes-
sage mMachine Sp6 in vitro transcription kit (Ambion).
RNA (10 Ag) was injected into manually defolliculated
stage VI oocytes which were then cultured overnight
before collecting for protein extraction.
In vitro transcription and translation
In vitro synthesized, capped RNAs were generated
using the T7 and T3 mMessage mMachine kits (Ambion)
according to instructions supplied by the manufacturer.
Plasmids were first linearized and polymerized with Not1Fig. 1. Two Hermes mRNAs. Alignment of the amino acid sequences of the two en
boxes. The position of the RNA recognition motif (RRM) RNA-binding domain is
two proteins were identical. Overall, the proteins were 96% identical.and T3 for 3-11brcl3 (clone a) and EcoRI and T7 for
Hermes T7TS (clone b). The Hermes T7TS plasmid
contained the coding region of clone b without the
untranslated regions and was the generous gift of Dr. Paul
Krieg. Proteins were translated with the Reticulocyte
Lysate System (Ambion) using 35S-methionine as a label
according to instructions supplied by the manufacturer.
Morpholino oligos were added to the in vitro translation
reaction before the addition of mRNA using 1 Al of a 100
AM dilution per 25 Al reaction.
SDS-PAGE and Western blotting
Proteins were extracted according to Kuang et al. (1989).
Protein extracts were mixed with SDS sample buffer, heat
denatured at 70jC, and electrophoresed and transferred in a
Bio-Rad apparatus. Western blotting to nitrocellulose mem-
branes was as described by the manufacturer. Blots were air
dried before immunoprobing. Immunoprobing was as de-
scribed (Gallagher et al., 1997), except a blocking solution of
3% BSA and 5% nonfat dried milk in TTBS was used. The
Hermes antibody was used at 1/100–1/1000, the alpha
tubulin antibody (Sigma) was used at 1/2000, the actin
antibody (Sigma) was used at 1/2000, the secondary goat
anti-rabbit IgG Fc fragment conjugated to Alkaline Phospha-
tase (AP) (Calbiochem) was used at 1/2000, and the second-
ary goat anti mouse IgG (Calbiochem) antibody was used at
1/2000. The color substrate was NBT/BCIP tablets (Roche)
dissolved in water. Alternatively, for the time course after
progesterone addition, a secondary mouse anti-rabbit HRP
antibody was used at 1/2000 (Santa Cruz). This antibody was
detected using enhanced chemiluminescence (ECL, Amer-
sham) according to instructions from the supplier.
Immunostaining
Albino oocytes were defolliculated in collagenase as
described for in situ hybridization, fixed in Bouin’s fixative
(Polysciences, Inc.) for 2 h, then washed in 70% EtOH until
the wash ran clear. Oocytes were then paraffin embedded, cut
into 10-Am sections, and dried overnight on slides at 40jC.
Immunostaining was as described by Kloc and Etkin (1999)
with a 2 Ag/ml primary antibody concentration and a 1/1000
secondary antibody concentration. After staining, slides were
mounted in 90% glycerol in phosphate-buffered saline (PBS)coded proteins. Amino acids that differ between the two proteins are in black
indicated by the line above the sequence. The RNA-binding domains of the
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consisted of duplicate samples without primary antibody or
unpurified preimmune serum (data not shown). Images were
captured digitally with a Hammamatsu 15-C camera.
Antisense depletion
Antisense morpholino oligos were designed and synthe-
sized by Gene-Tools (Corvallis, OR). The 3-11br1 mor-
pholino has the sequence GCCCACCGAGGAGTC-
TGGCTTGTAC, and 3-11XS1 morpholino has the
sequence ATGAGCGGCATCAAGTCAGACACGG. Mor-
pholinos were dissolved in water at 1 AM and stored at
4jC. The host transfer technique was as described in detail
by Zuck et al. (1999). The oocyte culture medium (OCM)
was prepared in containers specific for culture medium and
isolated from other labware using deionized ultrafiltered
water (Sigma). Aliquots were taken for pH measurement to
avoid contamination from the electrode. Oocytes were
injected with 7.6 ng of a mixture of the two morpholinos
at a 1/1 ratio. Microinjection was conducted using an API
pressure injector, calibrated to deliver 5 nl/injection. The
rescuing mRNA was injected separately from the antisense
morpholinos at 5 ng/oocyte. Injections were into the
vegetal hemisphere of the oocyte, unless otherwise noted.Fig. 2. Localization of HermesmRNA and protein to the vegetal cortex of the
Xenopus oocyte. Albino Xenopus oocytes of various stages were analyzed by
whole-mount in situ hybridization using Hermes probes. Scale bar in
(a) = 100 Am while all other panels equal 50 Am. (A, a) Stage I oocyte with
staining in the cytoplasm (arrow). (b) Early stage II oocyte with staining in
the mitochondrial cloud (black arrow) and in the cytoplasm (white arrow). (c)
Stages II– III oocyte showing accumulation of Hermes mRNA at the cortex
(arrow). (d) Stage IVoocyte showingmRNA broadly distributed at the cortex
(arrow). (e) Stage II oocyte hybridized with a probe specific for transcript a
only, with staining both in the cytoplasm and at the cortex (arrow indicates
cloud at cortex). (f) Stage II oocyte hybridized with a probe specific for
transcript b only, with staining both in the cytoplasm and at the cortex (arrow
indicates cloud at cortex). The staining patterns for transcripts a and b were
indistinguishable at all stages examined. (B) Immunostaining of Hermes
protein to the germ plasm region of stage V (a) and stage VI (b) oocytes.Results
Two mRNAs encode the Hermes protein
In a screen for localized RNAs in the Xenopus oocyte,
we have identified the mRNA encoding the RNA-binding
protein Hermes based on our detection of a region of mRNA
that has similarity to the Xlsirt family of localized RNAs.
Hermes was also identified as a transcript expressed in the
developing heart, kidney, eye, and epiphysis (Gerber et al.,
1999). It contains one RRM-type RNA-binding domain that
has similarity to the RNA-binding domains in the Drosoph-
ila couch potato and C. elegans mec-8 gene products
(Gerber et al., 1999). Additionally, highly conserved ortho-
logs have been identified in mouse, chicken, and human that
are conserved over the entire length of the protein (Gerber et
al., 1999). Functionally, little is known about these genes,
with the exception of mec-8, which is involved in alternative
splicing (Lundquist et al., 1996).
We have determined using 5V and 3V RACE that two
mRNAs are present in stages I–III oocytes that encode
closely related proteins (Fig. 1). Northern analysis shows
that the RNAs are present in eggs and in early embryos,
declining in abundance at stages 10–11 (data not shown).
Gerber et al. (2002) also show a decline after gastrulation;
however, using the more sensitive RNase protection assay,
they are able to detect Hermes mRNA through stage 40. The
coding regions are 94% identical on the nucleotide level and
96% identical on the amino acid level (Fig. 1). The differ-
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regions of the protein (Gerber et al., 1999). The untranslated
regions have percent identities of 60% for the 5VUTR and
75% for the 3V UTR. Based on sequence similarity, it is
likely that these two mRNAs encode functionally redundant
proteins. The existence of two copies of a gene is not
uncommon in Xenopus, as Xenopus is pseudotetraploid
and has undergone partial duplication of its genome.
Hermes mRNA is vegetally localized in the oocyte
To determine the localization pattern of Hermes mRNA,
we have used a region of transcript A containing part of the
open reading frame and part of the 3V UTR (Fig. 1) as aFig. 3. Analysis of Hermes protein. (A) The purified Hermes antibody specifical
construct was injected into stage VI oocytes. Oocytes were cultured overnight, and
served as a control. I, injected oocyte extract; U, uninjected oocyte extract. The
recognized by the purified Hermes antibody, as was an endogenous band that migr
or stages 2–26 embryo extracts using the purified Hermes antibody revealed that
any stage embryo tested. Actin served as a loading control. (C) Hermes protein w
collected and immediately frozen, were cultured for the period of time necessary fo
before collection. Extracts were then analyzed by Western blotting with the purifprobe for whole mount in situ hybridization to albino
Xenopus oocytes. In stage I oocytes, Hermes mRNA is
found evenly distributed throughout the cytoplasm of the
oocyte and is excluded from the mitochondrial cloud (Figs.
2A, a). At late stage I, when the mitochondrial cloud reaches
the vegetal cortex, the Hermes mRNA begins to accumulate
in the cloud at the vegetal cortex (Fig. 2Aa and b). At stages
II–III, Hermes mRNA continues to accumulate at the cortex
following the late pathway and at stage IV occupies a broad
region of the cortex typical of the late pathway RNAs such
as Vg1 (Figs. 2A, c, d). Thus, the Hermes mRNA localiza-
tion is initially temporally intermediate to the early and the
late pathway RNAs, then continues to follow the late
pathway. The localization characteristics of this mRNAly recognized Hermes. A synthetic mRNA encoding a myc-Hermes fusion
then protein was extracted and resolved by SDS-PAGE. Uninjected oocytes
myc-Hermes band migrated at approximately 38 kDa. This band was also
ated at approximately 28 kDa. (B) Western analysis of stage VI oocyte, egg,
Hermes protein was present in oocytes but was not detectable in eggs or in
as not detected after maturation of stage VI oocytes in vitro. Oocytes were
r progesterone treatment, or were treated with 2 AM progesterone overnight
ied Hermes antibody. Tubulin served as a loading control.
Fig. 4. Localization of Hermes protein in oocytes. Albino Xenopus oocytes
were fixed and sectioned before immunostaining. Hermes staining is blue.
Scale bars = 100 Am. (A) Stage I oocyte with staining in the mitochondrial
cloud. (B) Negative control stage I oocyte processed without primary
antibody. (C) Stages II– III oocyte with staining in the wedge-shaped
domain of the endoplasmic reticulum, at the vegetal cortex, in a crescent
shaped region near the germinal vesicle, and in several positions
surrounding the germinal vesicle. (D) Negative control stages II– III oocyte
N.R. Zearfoss et al. / Developmentaare identical to another recently described localized mRNA,
fatVg (Chan et al., 2001).
Because of the extensive sequence identity between the
two mRNAs in the coding region, we expected the original
probe used to recognize both of the Hermes mRNAs. To
determine if both of the Hermes mRNAs are localized in the
same manner, we have constructed mRNA-specific probes
from less conserved regions of the 5VUTR. We confirmed
that the probes preferentially recognize the individual
mRNA by Northern blotting to in vitro synthesized tran-
scripts (data not shown). In situ hybridization to albino
oocytes with these probes shows that both mRNAs are
localized in a temporally and spatially indistinguishable
fashion (Figs. 2A, e, f). The colocalization of these two
mRNAs supports our idea that the two proteins might be
redundant.Fig. 5. Analysis of Hermes protein in HE-MO-injected eggs and embryos. (A)
indicated by the gray bars, untranslated regions are indicated by white bars, and
specifically inhibit translation of Hermes in vitro. The HE-MOs, MO(a) and MO
translated in vitro and radiolabeled. SDS-PAGE revealed bands of approximately
however, its presence was dependent on the addition of Hermes mRNA into the re
these products is inhibited when the corresponding MO is added into the reaction (
was not affected (lane 5). (C) Injection of HE-MOs before maturation caused a p
with HE-MOs and matured in vitro by incubation with 2 AM progesterone. Oocyt
level of Hermes protein was determined by Western analysis. Actin served as a lo
oocytes that were injected with HE-MO. Lanes 1–4 are MO-injected oocytes at 0
time, 12 and 24 h. The bottom panel is the tubulin protein levels in the same samHermes protein is expressed in oocytes and is localized to
structures rich in localized RNA
To determine when and where Hermes protein is
expressed, we generated and affinity purified a peptide
antibody against the Hermes protein. The peptide was from
a region of the protein just C-terminal to the RRM RNA-
binding motif. The antibody is able to specifically detect a
myc-Hermes fusion protein by Western blot analysis of
oocytes injected with a myc-tagged Hermes mRNA (Fig.
3A). Both the endogenous Hermes and the exogenous myc-
Hermes bands run approximately 5 kDa higher than
expected based on their predicted molecular weights of 23
and 33 kDa (Fig. 3A).
To determine when Hermes protein is expressed, we used
the Hermes antibody to probe Western blots of stage VI
oocytes, eggs, and various stages of embryos. While a band
of approximately 28 kDa is present in stage VI oocytes, we
do not detect this band in ovulated eggs or in embryos
through stage 26 (Fig. 3B). Additionally, maturation of stage
VI oocytes in vitro by the addition of 2 AM progesterone to
the culture medium overnight also causes a decrease in
Hermes protein to undetectable levels (Fig. 3C). These data
suggest that Hermes protein is degraded during maturation.
In agreement with Gerber et al. (1999), we detect the Hermes
mRNA by in situ hybridization in the heart primordia and
pronephros; however, we do not detect the protein in these
organs by immunostaining (data not shown).
Immunostaining of oocyte sections reveals that in stage I
oocytes, the Hermes protein is present in the mitochondrial
cloud, a structure that is known to be rich in localized RNAs
(Fig. 4A) (Forristall et al., 1995; Kloc and Etkin, 1995; Kloc
et al., 1996). Additionally, in late stages II–III oocytes, the
Hermes protein is present in the wedge-shaped domain of
endoplasmic reticulum that is a component of the late
localization pathway (Fig. 4C) (Kloc and Etkin, 1998).
Hermes protein is also present in several small structures
that are likely the remnants of the premitochondrial clouds
that surround the germinal vesicle at this stage (Fig. 4C). We
also performed whole mount immunostaining of stages V
and VI oocytes and detected the protein in the disk at the
apex of the vegetal pole (Figs. 2B, a, b). This disk is the
region in which the METRO pathway localized RNAs
(including Hermes) and the germ plasm is located. The
localization of Hermes to structures known to contain
l Biology 267 (2004) 60–71 65Positions to which morpholino oligonucleotides bind. Coding sequence is
the position of the HE-MOs is indicated by the black bars. (B) HE-MOs
(b), which were complementary to transcripts a and b, respectively, were
28 and 40 kDa (lanes 1 and 3). The identity of the 40-kDa band is unclear;
action and was sensitive to the presence of HE-MOs. Production of each of
lanes 2 and 4). However, when the opposite HE-MO was added, production
remature decrease in the amount of Hermes protein. Oocytes were injected
es were then cultured for the indicated number of hours before harvest. The
ading control. (D) Western blot showing Hermes protein levels in stage VI
time, 12, 24, and 48 h after injection of HE-MO; lanes 5–7 are controls at 0
ples.
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Table 1
Cleavage defects in relationship to injection site
Site of Percentage of embryos with
injection
No defects Animal
defects
Vegetal
defects
Equatorial
defects
None 90 (36/40) 0 (0/40) 7.5 (3/40) 0 (0/40)
Animal pole 32 (7/22) 0 (0/22) 54 (12/22) 4.5 (1/22)
Vegetal pole 35 (13/37) 5 (2/37) 54 (20/37) 3 (1/37)
Equatorial
region
31 (9/29) 0 (0/29) 45 (13/29) 24 (7/29)
Oocytes were injected with 7.6 ng of HE-MOs into the animal pole, the
vegetal pole, or the equatorial region before host transfer. Because
embryos with other abnormalities were not included, the totals may not
equal 100%.
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Hermes contains an RNA-binding domain and associates
with polyadenylated RNA in vivo (Gerber et al., 2002),
suggests that Hermes may interact with localized mRNAs in
the oocyte.
Depletion of the Hermes protein produces embryos with
cleavage defects
To determine the function of Hermes during develop-
ment, we used an antisense knockdown approach with
morpholino oligonucleotides and the host transfer technique
(Zuck et al., 1999). To inhibit the translation of the protein
produced from both of the Hermes mRNAs, we designed
two morpholinos (HE-MO), one of which is complementary
to each of the Hermes mRNAs (Fig. 5A). These morpholi-
nos were capable of specifically inhibiting the production of
protein from the two Hermes mRNAs in a rabbit reticulo-
cyte lysate (Fig. 5B). Injection of a 1 to 1 mixture of the two
morpholinos into stage VI oocytes caused a premature
decrease in the amount of Hermes protein during maturation
(Fig. 5C). We did not see any effect over a 48-h period on
Hermes protein levels in stage VI oocytes not treated with
progesterone (Fig. 5D). This suggests that the precocious
decrease in Hermes protein in HE-MO-injected oocytes
during maturation was not due to a trivial effect of the
HE-MO affecting Hermes protein stability.
Embryos produced from oocytes injected with HE-MO
had cleavage defects primarily in vegetal regions in 70% of
the embryos (Figs. 6A–C). Injection of a standard controlFig. 6. Cleavage defect phenotype in HE-MO-injected embryos. (A) Vegetal view
embryos have large blastomeres with irregular cleavage furrows in the vegetal he
region showing the same phenotype. (C) Embryos produced from oocytes injec
produced from uninjected oocytes taken through the host transfer procedure. Themorpholino oligo (Gene-Tools), which hybridizes only to
incorrectly spliced h-globin mRNAs in thallasemic humans,
had no effect on the embryos (data not shown). The defects
were present in vegetal cells regardless of the position of
injection into the embryo (Table 1, Fig. 6). However, there is
a small fraction of embryos with defects in equatorial
positions in equatorially injected embryos. The presence
of defects in these regions is in accordance with the
localization of the Hermes mRNA to a broad region of the
vegetal hemisphere of the oocyte.
To demonstrate that the cleavage defects were specific to
the Hermes mRNA, we rescued the phenotype by following
the morpholino injection with injection of a Hermes mRNA
that has been altered to prevent association with the mor-
pholinos but not interfere with the Hermes protein sequence.
To avoid the potential problem of titration of the morpholinoof two embryos produced from oocytes injected into the animal pole. The
misphere. (B) Embryos produced from oocytes injected into the equatorial
ted into the vegetal pole also showing the same phenotype. (D) Embryos
arrows indicate affected blastomeres. Scale bars = 500 Am.
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separate injections. The first injection was of the Hermes
morpholino and the second, 1 h later, introduced the
rescuing mRNA into the oocyte. To analyze data generated
in the rescue experiments, embryos at stage 9 were ranked
on a scale of 0–3, with 0 representing a normal embryo, 1
representing an embryo with defects in a small area of theFig. 7. Histological analysis of Hermes MO-injected embryos. Embryos were fi
sections through control embryos at the morula stage showing the location of spivegetal hemisphere embryo, 2 representing an embryo with
defects covering almost all of the vegetal hemisphere, and
3 representing the most severely affected embryos in
which cleavage abnormalities were extensive probably
due to inhibition of cleavage during one of the first cell
cycles. Data were collected from three independent experi-
ments. Rescue results in an increase in the total number ofxed and treated with antitubulin antibody and Hoechst stain. A and B are
ndle (arrow) and chromosomes (white arrow); C, D, E, and F are HE-MO-
Table 2
Partial rescue of cleavage defects caused by HE-MO injection
Injected with Percentage of embryos of class
0 1 2 3
Nothing 97 (91/94) 1 (1/94) 2 (2/94) 0 (0/94)
mRNA 85 (75/88) 10 (9/88) 3 (3/88) 1 (1/88)
HE-MOs 41 (38/92) 25 (23/92) 27 (25/92) 6 (6/92)
HE-MOs + mRNA 47 (28/59) 39 (23/59) 14 (8/59) 0 (0/59)
The results of two independent experiments using different donor and host
frogs are shown. Similar results were obtained by analyzing each
experiment separately.
Class 1: defects in a small area of the vegetal hemisphere.
Class 2: defects over entire vegetal hemisphere.
Class 3: most severely affected embryos with extensive cleavage defects.
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to the HE-MO group (Table 2). Additionally, there is a
shift in the severity of the phenotype in the affected
embryos, such that the number of embryos in the classes
2 and 3 is reduced and the number of embryos categorized
as class 1 is increased (Table 2). Such a trend, although
not demonstrating complete rescue, does support the con-
clusion that injection of the Hermes mRNA rescues the
phenotype caused by injection of HE-MO and that the
cleavage disruption we have observed in HE-MO embryos
is specific to Hermes.
To gain insights into the potential effect of Hermes
depletion on cell division, we sectioned embryos during
early cleavage stages and performed immunostaining with
an antitubulin antibody and stained with Hoescht dye. Fig. 7
shows that there were no major differences between the
spindles and chromosomes in abnormally cleaving blasto-
meres versus control embryos or normally cleaving blasto-
meres in Hermes MO-injected embryos. We did not detect
any aberrant chromosome segregation, multipolar spindles,
or other gross distortions of the mitotic apparatus. This
suggests that the cleavage defects were most likely due to an
arrest of the blastomeres at some point in the cell cycle and
not abnormalities in cleavage machinery.Discussion
We have identified the RNA-binding protein Hermes in a
screen for vegetally localized RNAs in the X. laevis oocyte.
Both Hermes mRNA and protein are vegetally localized.
Thus the protein is present in structures that contain local-
ized RNAs, including the mitochondrial cloud and the
wedge-shaped domain of endoplasmic reticulum. Addition-
ally, we have demonstrated that the level of Hermes protein
decreased dramatically at maturation and that this decrease
was important for cleavage of the vegetally derived cell
lineages of the embryo. The position of cleavage defects
correlates well with the spatial localization of the Hermes
mRNA and protein. This is important because it provides a
mechanism whereby the embryo can regulate the divisionrate of a specific cell lineage. We propose a model in which
Hermes regulates cleavage of the vegetal blastomeres
through its interaction with one or more localized RNAs,
possibly by regulating mRNA translation or processing of
the target RNA (Fig. 8). According to this model, the
precocious decrease in Hermes protein in HE-MO-injected
oocytes causes a disregulation of downstream molecules
that affect cell division. Mechanistically, the more rapid
decrease of Hermes protein levels in HE-MO oocytes at
maturation suggests the possibility that the Hermes mRNA
may also be posttranscriptionally modified.
An interesting aspect of the Hermes localization pattern
is that the protein is localized to the mitochondrial cloud at a
time when the bulk of the Hermes mRNA is present
throughout the cytoplasm. This suggests that there may be
a mechanism through which Hermes protein translated in
the cytoplasm is transported to the mitochondrial cloud.
Therefore, the localization of the mRNA and protein could
be redundant. This situation would not be without prece-
dent, because in neuroblasts both the prospero mRNA and
protein are independently localized and partitioned into the
ganglion mother cell upon cell division (Broadus et al.,
1998). Alternatively, it is possible that a small amount of
Hermes mRNA is present in the cloud at this time and it is
this fraction that is translated.
It is significant that the Hermes protein is present in both
the mitochondrial cloud and the wedge-shaped domain of
endoplasmic reticulum, because the mitochondrial cloud
contains early pathway RNAs and the wedge contains late
pathway RNAs. Based on the protein localization pattern, it
is likely that Hermes function affects RNAs of both path-
ways. These RNAs could be cotransported with the Hermes
protein. Recent evidence has pointed to the dual role of
RNAs such as VegT in anchoring other RNAs during
oogenesis and also in regulating biological functions such
as germ layer specification (Heasman et al., 2001). While it
is formally possible that Hermes functions during oogenesis
in anchoring RNAs, our studies have focused on its function
during the very short period of oocyte maturation. Altering
the levels of Hermes protein so that it is decreased several
hours earlier than normal during maturation has produced
profound effects on cleavage of vegetal blastomeres.
Hermes is the first localized mRNA that is involved in
cleavage. Another localized RNA, the Xenopus homolog of
hBub3, may possibly affect cleavage as well, although
functional experiments have not been conducted for this
mRNA. hBub3 is a known mitotic checkpoint protein
(Taylor et al., 1998), and the Xbub3 mRNA is localized to
the animal hemisphere of the oocyte (Goto and Kinoshita,
1999 ). Therefore, just as Hermes is present in the vegetal
hemisphere, other factors may be present in the animal
hemisphere independently regulating cleavage of this region
of the embryo.
The human ortholog of Hermes has been named RNA-
binding protein with multiple splicing (RBP-MS) (Shima-
moto et al., 1996). RBP-MS mRNA is expressed in a variety
Fig. 8. Two possible mechanisms through which Hermes may function. We propose that Hermes interacts with and regulates the expression of one or more
localized RNAs. It could do that by regulating translation or by regulating the stability of the RNA. In the diagram, Hermes protein is indicated by black ovals,
target RNAs are indicated by red lines, and the protein products of the target RNAs are indicated by red circles. In the translational repressor model, Hermes is
bound to and represses the translation of target RNAs in the oocyte. After Hermes levels drop at maturation, the RNAs are translated and functional proteins are
produced. According to this model, HE-MO injection would lead to reduced Hermes expression in the oocyte and inappropriate translation of Hermes target
RNAs early in maturation. This would cause too much protein after maturation and in early embryos, causing the observed phenotype. In the mRNA stability
model, Hermes is bound to target RNAs in the oocyte, rendering them stable and able to be translated. When Hermes levels drop at maturation, the RNAs are
degraded and no more protein is produced. According to this model, in the HE-MO oocytes, little or no target RNA would be stable, leading to reduced
amounts of protein produced from the target RNA.
N.R. Zearfoss et al. / Developmental Biology 267 (2004) 60–7170of tissues in an adult (Shimamoto et al., 1996). A database
search reveals that RBP-MS has been cloned from several
tumors, including a tumor of stem cell origin metastasized to
the mammary gland, a ductal carcinoma, and a mammary
tumor metastasized to the lung. The presence of RBP-MS
mRNA in tumor cells is consistent with our observation that
Hermes positively regulates proliferation.
Our identification of a role for localized RNAs in the
regulation of cleavage raises the question of why cleav-
age is regulated differentially in different regions of the
embryo. One possibility is that the presence of Hermes is
required in cells that cause a particular cell lineage, such
as those of the germ line or those contributing to the
endoderm. It is known that cell division of blastomeres
of the germ cell lineage is regulated differently than
those of the somatic cell lineage. The primordial germ
cells contain the germ plasm which is characterized by
the presence of unique electron dense granules called
germinal granules. Recent data have shown that the
Hermes protein is localized within the germinal granules,
suggesting that Hermes may play an important role in
regulating the division rate of this vegetally derived cell
lineage (Kloc, Zearfoss, and Etkin, unpublished). Thus,
Hermes represents an important component of the mater-nal genetic program regulating a fundamental biological
process necessary for the proper development of the
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